Increased age, BMI and HbA1c levels are risk factors for several non-communicable diseases. However, the impact of these factors on the genome-wide DNA methylation pattern in human adipose tissue remains unknown. We analyzed the DNA methylation of ∼480 000 sites in human adipose tissue from 96 males and 94 females and related methylation to age, BMI and HbA1c. We also compared epigenetic signatures in adipose tissue and blood. Age was significantly associated with both altered DNA methylation and expression of 1050 genes (e.g. FHL2, NOX4 and PLG). Interestingly, many reported epigenetic biomarkers of † These authors contributed equally to this study.
aging in blood, including ELOVL2, FHL2, KLF14 and GLRA1, also showed significant correlations between adipose tissue DNA
Introduction
Epigenetic factors, including DNA methylation, histone modifications and various RNA-mediated processes, are involved in tissue-specific gene regulation and have been suggested as mechanisms for interaction between environmental factors and the genome (1) . As epigenetic variation affects genome function, it may also contribute to common human diseases (2) . Indeed, a number of factors support the involvement of epigenetic components in common complex diseases, e.g. monozygotic twins do not show 100% concordance for common diseases and indeed display epigenetic differences (3) (4) (5) (6) , the incidence of several complex diseases is rising in the general population (7) , and there is an association between in utero environment or early development and diseases in adult life (8) (9) (10) . DNA methylation is an easily accessible epigenetic mark for laboratory investigations and thereby suited for epigenome-wide association studies (EWAS) and may be used as an epigenetic biomarker (2) . However, the fact that epigenetic alterations may be either causal or arise as a consequence of disease needs to be accounted for. It is hence important to study the impact of non-genetic risk factors for disease, e.g. age, BMI and HbA1c (a measure of long-term glycemia) (11) (12) (13) (14) (15) , on epigenetic modifications prior to disease development. These three non-genetic risk factors are known to increase the risk for several non-communicable diseases such as type 2 diabetes (T2D), cardiovascular disease and cancer (11) (12) (13) (14) 16) . It is also critical to consider tissue specificity of the epigenome and to test if epigenetic modifications in blood may be used as biomarkers to mimic epigenetic signatures in target tissues for disease.
Adipose tissue is the main energy store in the human body, but also a metabolically active tissue which acts both as an endocrine and an immune organ, and contributes to whole body energy homeostasis (17) . Dysfunction of the adipose tissue, e.g. promoted by excessive energy intake, is commonly seen in genetically and environmentally predisposed individuals (18) . Adipose tissue gene expression and hormone secretion influence various metabolic phenotypes which, in turn, are associated with human complex traits involved in obesity, T2D and cardiovascular diseases. Epigenetic modifications in adipose tissue may contribute to these phenotypes. Indeed, we recently identified altered gene expression and differential DNA methylation in adipose tissue from subjects with T2D compared with nondiabetic controls (5) . We have also shown that regular exercise contributes to extensive transcriptional and DNA methylation changes in human adipose tissue (19, 20) . Additionally, increased BMI has been associated with increased DNA methylation of HIF3A in both human adipose tissue and blood cells (21) . However, the potential associations between estimates of obesity or glycemia and the genome-wide DNA methylation pattern in human adipose tissue from non-diabetic subjects have not yet been investigated.
Several studies further point to the importance of epigenetic modifications in the process of aging (3, 15, 22) . We have previously identified age-associated changes in DNA methylation in human skeletal muscle, pancreatic islets and blood cells (3, (23) (24) (25) . More recently, genome-wide, well-powered cross-sectional DNA methylation studies have been performed in leukocytes and whole blood, showing that almost 30 and 15%, respectively, of the analyzed DNA methylation sites were associated with age (26, 27) . This finding has also been verified in a longitudinal study (28) . The age-associated changes in DNA methylation may be influenced by the underlying genetic architecture (24) , resulting in both common and tissue-specific alterations (29) . However, whether age affect the genome-wide DNA methylation pattern in human adipose tissue and if any of these ageassociated epigenetic changes can also be found in blood cells is not known.
The aim of this study was to perform EWAS in human subcutaneous adipose tissue obtained from a discovery cohort of 96 males (male discovery cohort) and in a validation cohort of 94 females (female validation cohort) and relate the genomewide DNA methylation pattern to three selected known risk factors for common complex diseases (age, BMI and HbA1c). This study design gives us the opportunity to test for both common and gender-specific effects on epigenetic variation. We also investigated the association between the same phenotypes (age, BMI and HbA1c) and genome-wide mRNA expression in adipose tissue from the 96 males. We finally tested if epigenetic variation in blood cells can mirror epigenetic signatures in adipose tissue and potentially be used as epigenetic biomarkers, using adipose tissue and blood cells from a mixed validation cohort (37 males and 67 females) and published data obtained from blood cells.
Results

Analysis of DNA methylation and gene expression in human adipose tissue
To study if known risk factors for common complex diseases, i.e. age, BMI and HbA1c levels (11) (12) (13) (14) 16) , may mediate their effects via epigenetic modifications, we analyzed DNA methylation genome-wide in adipose tissue from 96 males without known disease and with a broad range in age, BMI and HbA1c (male discovery cohort; Table 1 ). We proceeded to study the impact of age, BMI and HbA1c on DNA methylation levels in adipose tissue from the male discovery cohort using a random effect mixed model, including cohort as the random effect variable and age, BMI and HbA1c as fixed factors. However, we first calculated variance inflation factors (VIFs), which provides information about potential multicollinearity of the studied phenotypes (i.e. age, BMI and HbA1c) (30) . Importantly, in the male discovery cohort, all calculated VIFs were close to 1 (1.04-1.18), demonstrating that there are no problems with multicollinearity among the studied phenotypes (age, BMI and HbA1c). Genomic DNA from adipose tissue of these 96 males successfully generated DNA methylation data for 456 800 CpG sites throughout the genome. After correction for multiple testing, we found 62 496 CpG sites significantly associated with one or more of the three phenotypes studied (age, BMI and HbA1c; q < 0.05), representing all chromosomes (Supplementary Material, Tables S1-S3). Due to the possible interaction between epigenetic modifications and gene expression (31) , we also generated mRNA microarray data from adipose tissue of 94 of the males with available DNA methylation data. Here, mRNA expression data were obtained from a total of 28 499 probe sets representing 22 115 annotated transcripts and 20 246 unique genes. Moreover, after quality control and filtering of probes, genomic DNA from adipose tissue of 94 females included in the female validation cohort (Table 1) (32, 33) successfully generated DNA methylation data for 460 973 CpG sites throughout the genome.
Adipose tissue DNA methylation and age
Aging is associated with numerous diseases and it has also been suggested to increase epigenetic variability, including altered levels of DNA methylation (3). This phenomenon includes both common and tissue-specific events (29) ; however, the specific effect of age on the genome-wide DNA methylation pattern in human adipose tissue is not known. In the male discovery cohort, including 96 males with a range in age between 23 and 80 years, we found that the average DNA methylation level for all 456 800 CpG sites throughout the genome correlated positively with age (P = 1.1 × 10 −5 , Supplementary Material, Table S4 ).
When dividing the sites based on their relation to the nearest gene (TSS1500, TSS200, 5′UTR, 1st exon, gene body, 3′UTR, intergenic) or in relation to CpG islands (northern shelf, northern shore, CpG island, southern shore, southern shelf, open sea), the average methylation levels were positively and significantly associated with age for all tested regions (Supplementary Material, Table S4 ). After correction for multiple testing, we found that DNA methylation of 31 567 individual CpG sites in adipose tissue from the male discovery cohort was significantly associated with age (q < 0.05), indeed suggesting that the human DNA methylome in adipose tissue changes with age (Supplementary Material, Table S1 ). Among these sites, 24 514 are annotated to 11 036 unique genes, whereas 7053 of the CpG sites are intergenic. Most of the CpG sites significantly associated with age showed a positive relation between age and methylation level (n = 28 605; 90.6%), whereas only 2962 (9.4%) of the CpG sites showed a negative relation (Fig. 1A) . The most significant association between age and DNA methylation was seen for a CpG site upstream of ELOVL2 (cg21572722, TSS1500, q = 8.5 × 10
; Fig. 2A , Supplementary Material, Table S1 ). Altogether, methylation of eight CpG sites annotated to ELOVL2 correlated significantly with age (q < 0.05, Fig. 2A , Supplementary Material, Table S1 ).
We proceeded to study the genomic distribution of all individual CpG sites significantly associated with age in adipose tissue from the male discovery cohort, either based on their relation to the nearest gene or in relation to CpG islands (Fig. 1C and D and Supplementary Material, Table S5 ). When comparing the distribution of the significant age-associated CpG sites with the distribution of all analyzed CpG sites across the different genomic regions using χ 2 -tests, we found an under-representation of significant CpG sites within TSS1500, TSS200, 5′UTR and intergenic regions, and an over-representation within the 1st exon, gene body and 3′UTR (Supplementary Material, Table S5 and Fig. 1C ). We also observed a pronounced effect of age on DNA methylation for CpG sites in regions in relation to CpG islands, with a strong over-representation of significant CpG sites within CpG islands and under-representations in the open sea and shelf regions (Supplementary Material, Table S5 and Fig. 1D ).
To test for general and gender-specific effects on epigenetic variation, we next studied the impact of age on DNA methylation in adipose tissue from 94 females (the female validation cohort, Table 1 ). It should be noted that the span in age was smaller in the female validation cohort (21-37 years) compared with the male discovery cohort (Table 1) . Nevertheless, we found DNA methylation of 62 CpG sites to be significantly associated with age in the female validation cohort (q < 0.05), where 60 (96.8%) show positive and 2 (3.2%) negative correlations (Supplementary Material, Table S6 ). In agreement with our result in the male discovery cohort, the most significant association in the female validation cohort was seen for a CpG site upstream of ELOVL2 (cg16867657, q = 4.5 × 10 −7 ), and methylation in three CpG sites annotated to ELOVL2 correlated significantly with age in both cohorts, suggesting some common effects of age on methylation in adipose tissue from both males and females (q < 0.05, Fig. 2A and B and Supplementary Material, Table S6 ). Additionally, the majority (42 CpG sites, 70%) of the CpG sites showing a positive correlation with age in the female validation cohort (q < 0.05) were also positively correlated with age in the male discovery cohort (q < 0.05, Supplementary Material, Table S6 ). These include CpG sites annotated to SPATA18, PATZ1, ANK1, NPAS4 and CADPS2, genes previously associated with aging (34) (35) (36) (37) (38) .
To test if epigenetic modifications in blood cells may mirror epigenetic signatures in target tissues for metabolic diseases such as adipose tissue and potentially be used as epigenetic biomarkers, we further compared our results identified in adipose tissue with data from a recent study examining the impact of age on the genome-wide DNA methylation pattern in white blood cells from 421 individuals ranging in age from 14 to 94 years (27) . In white blood cells, Johansson et al. found that age affected DNA methylation at 137 993 sites, which corresponds to almost one-third of the investigated sites. Interestingly, the DNA methylation level of 12 708 of these sites was also significantly associated with age in adipose tissue in the male discovery cohort in the present study, 9897 (78%) in the same direction as in blood (Supplementary Material, Table S7 ). Moreover, 51 (82%) of the 62 CpG sites significantly associated with age in the female validation cohort were also significantly associated with age in the study of white blood cells (27) , all in the same direction in the two studies. All together, the overlap between our two adipose tissue cohorts and blood data by Johansson et al. was 37 CpG sites including sites annotated to ELOVL2, SPATA18, ANK1, NPAS4 and CADPS2 showing associations between age and DNA methylation (Table 2) . Moreover, Steegenga et al. (39) have recently summarized data from several studies where the impact of age on DNA methylation in whole blood or purified blood cells was investigated. They presented a list of 14 genes, ELOVL2, FHL2, PENK, KLF14, SST, GLRA1, TP73, GATA4, THRB, DLX5, NEFM, TMEM179, ATP8A2 and FOXE3, displaying age-related changes in DNA methylation based on previous published studies (26, 28, (40) (41) (42) (43) (44) (45) . Importantly, all of these previously reported epigenetic biomarkers of aging in blood did also show significant associations with age in adipose tissue from our male discovery cohort (Supplementary Material, Table S1 , Table 3 and Fig. 2A , C and D). Also, despite the limited age span in our female validation cohort, four of these genes (ELOVL2, FHL2, KLF14 and GLRA1) were among the genes significantly associated with age (Supplementary Material, Table S6 and Fig. 2B-D) . Age correlates with DNA methylation and mRNA expression of specific genes in adipose tissue and blood. DNA methylation at cg21572722, cg16867657 and cg24724428 in ELOVL2 correlated significantly with age in both the male discovery cohort (A) and the female validation cohort (B). DNA methylation at CpG sites in KLF14 (C) and GLRA1 (D) correlated significantly with age in both the male discovery cohort and the female validation cohort. DNA methylation at cg21572722 (adipose tissue n = 81, blood n = 83), cg16867657 (n = 90) and cg24724428 (adipose tissue n = 87, blood n = 89) in ELOVL2 correlated with age in both adipose tissue (E) and blood (F) in the mixed validation cohort. DNA methylation in adipose tissue correlated significantly with DNA methylation in blood at cg21572722 (n = 62), cg16867657 (n = 77) and cg24724428 (n = 74) in ELOVL2 in the mixed validation cohort (G). DNA methylation at cg14361627 (adipose tissue n = 94, blood n = 108) in KLF14 correlated with age in both adipose tissue (H) and blood (I) in the mixed validation cohort, and DNA methylation in adipose tissue correlated significantly with DNA methylation in blood (n = 90, J). For NOX4 (K) both mRNA expression and DNA methylation correlated significantly with age in the male discovery cohort (the most significant CpG site is shown). (L) Selected significantly enriched KEGG pathways (FDR adjusted P-values < 0.05) of genes that exhibit associations between DNA methylation and age in the male discovery cohort. A complete list of significantly enriched KEGG pathways is presented in Supplementary Material, Table S20 .
We proceeded to test if we could identify age-related epigenetic changes in both adipose tissue and blood cells taken from the same subjects. Here, we used pyrosequencing to analyze DNA methylation of three CpG sites in ELOVL2 and one CpG site in KLF14 in both adipose tissue and whole blood cells taken from a mixed validation cohort including 37 males and 67 females with an age span of 32-83 years (Table 1) . These CpG sites were selected based on the age-associated changes in DNA methylation in our male discovery cohort ( Fig. 2A and C) , female validation cohort ( Fig. 2B and C ) and blood cells in previous published studies (27) ; FDR q-value, false discovery rate adjusted P-value; SEM, standard error of the mean.
( Table 3) . Importantly, increased age was significantly associated with increased DNA methylation in these three ELOVL2 sites and the KLF14 site in both adipose tissue and blood cells taken from the mixed validation cohort, and the DNA methylation in adipose tissue correlated significantly with the methylation in blood (Fig. 2E-J ). Together these data show that age-associated methylation changes found in blood cells can mirror epigenetic signatures in target tissues such as adipose tissue and potentially be used as epigenetic biomarkers to predict susceptibility and progression of disease.
We therefore proceeded to test if age-associated methylation differences also can be identified in diseased subjects, i.e. in patients with T2D. We recently published a case-control study identifying 15 627 CpG sites with differential DNA methylation in adipose tissue from subjects with T2D compared with nondiabetic age-matched controls (5). As aging is a known risk factor for T2D, we further investigated the overlap between the 31 567 CpG sites showing significant association between DNA methylation and age in adipose tissue from our discovery cohort of 96 non-diabetic males in the present study (Supplementary Material, Table S1 ) and the 15 627 sites showing differential DNA methylation in adipose tissue from subjects with T2D compared with controls in our previous study (5) . Notably, DNA methylation of 1278 CpG sites was both significantly associated with age in the 96 non-diabetic males and displayed differential DNA methylation between T2D subjects and age-matched controls. Importantly, DNA methylation of as many as 90% of these CpG sites changed in the same direction due to increasing age or T2D (Supplementary Material, Table S8 ). These include CpG sites annotated to IRS1 and KCNQ1, genes previously implicated in the pathogenesis of T2D (46, 47) , as well as to TMEM17, an ageassociated blood-based epigenetic biomarker (Table 3 ). In total, DNA methylation of 188 CpG sites was significantly associated with age in both adipose tissue (male discovery cohort) and blood (in the study by Johansson et al.) and displayed differential DNA methylation between T2D subjects and controls in the same direction (Supplementary Material, Table S7 ). These data support the use of blood-based epigenetic biomarkers to foresee epigenetic changes that take place in target tissues of diseased subjects, i.e. with T2D.
Adipose tissue mRNA expression and age
We proceeded to test if age was associated with altered gene expression in human adipose tissue. Interestingly, we also found a striking effect of age on adipose tissue mRNA expression levels in the male discovery cohort, with expression of 1400 probe sets of which 1130 are annotated to 1084 unique genes significantly associated with age (q < 0.05, Supplementary Material, Table S9 ). The number of positive and negative correlations between mRNA expression and age is shown in Figure 1B . The most significant correlations between age and mRNA expression were observed for NOX4 ( positive correlation, q = 8.7 × 10 −6 , Fig. 2K ) and PLG (negative correlation, q = 8.7 × 10 −6 , Supplementary Material, Table S9 ). As epigenetic modifications are known to regulate tissue-specific gene expression (31), we further tested if genes with significant correlations between mRNA expression and age also showed age-related changes in DNA methylation. Indeed, in 1050 of the 1084 genes with age-associated changes in mRNA expression, DNA methylation was also associated with age in the male discovery cohort (Supplementary Material, Table S10 ) when using CpG sites within the cis distance 500 kb upstream and 100 kb downstream of each gene. These include NOX4 (Fig. 2K) , PLG, ETS2, CCR2 and CXCR2 (Supplementary Material, Table S10 ).
Adipose tissue DNA methylation and BMI
BMI is a simple measurement of body size and widely used for population based studies, as well as for diagnosis of overweight (BMI > 25 kg/m 2 ) and obesity (BMI > 30 kg/m 2 ). Increased BMI is associated with the development of several common diseases (12, 13) . There are metabolic differences observed in adipose tissue from obese compared with lean subjects (48) and these changes may partly be due to epigenetic modifications. In the adipose tissue from the male discovery cohort with a range in BMI between 17.5 and 39.0 kg/m 2 , the average DNA methylation level for all 456 800 CpG sites throughout the genome did not correlate significantly with BMI (P = 0.3, Supplementary Material, Table S4 ). However, we found that DNA methylation of 33 058 individual CpG sites was significantly associated with BMI in the male discovery cohort (q < 0.05), of which 24 939 sites are annotated to 12 325 unique genes and 8119 sites are intergenic (Supplementary Material, Table S2 ). In contrast to our identified associations between adipose tissue DNA methylation and age, there were slightly more negative (n = 18 972, 57.4%) than positive (n = 14 086, 42.6%) significant associations between DNA methylation and BMI (Fig. 1A) . Among annotated genes, the most significant correlation between BMI and DNA methylation was observed for a CpG site in the promoter of CCRL2 (cg18599081, negative correlation, q = 9.0 × 10 −6 ; Fig. 3A ). Among all CpG sites significantly associated with BMI, we observed an overrepresentation within the gene body and intergenic regions, and less significant CpG sites compared with the distribution on the array in the region surrounding transcription start, i.e. TSS1500, TSS200, 5′UTR and 1st exon (Supplementary Material, Table S5 and Fig. 1C Table S11 ). These include 27 809 (70%) positive and 11 724 (30%) negative correlations between DNA methylation and BMI. The most significant correlation was observed for a CpG site in the body of PLEC1 (negative correlation; q = 1.8 × 10 −12 , Fig. 3B ). This site was also negatively correlated with BMI in the male discovery cohort (Fig. 3B) . The overlap between the male discovery cohort and the female validation cohort was 4979 CpG sites, 2756 sites with positive and 2223 sites with negative correlations between BMI and DNA methylation (Supplementary Material, Table S12 ). These include sites annotated to genes previously linked to obesity, T2D and/or fat metabolism, e.g. FTO, TCF7L2, FASN, IRS1, IRS2, MTCH2 and PPARGC1B. Many of the most significant sites in the male discovery cohort could be validated in the 94 females (q < 0.05), including cg18599081 in CCRL2 (Fig. 3A) , cg12492380 in MYH16, cg27115863 (intergenic) and cg11151251 in DCAF5 among the 10 most significant sites. Importantly, since the discovery cohort only includes males and the validation cohort only females, the overlapping sites are most likely gender-unspecific, while the sites correlating only in males or females might represent gender-specific associations between BMI and adipose tissue DNA methylation. Impressively, we were able to replicate the strong, gender-unspecific association between BMI and DNA Table S21 .
methylation of cg18599081 in CCRL2 in adipose tissue from the mixed validation cohort using pyrosequencing (P = 2.1 × 10 −9 , Fig. 3A) . We proceeded to compare our results with data from a recently published study, which identified positive correlations between BMI and DNA methylation at three CpG sites in HIF3A in adipose tissue (only females) and blood (21) . In adipose tissue from our female validation cohort, we observed that DNA methylation of seven CpG sites annotated to HIF3A, including the same three CpG sites as reported by Dick et al., were significantly associated with BMI (q < 0.05, Supplementary Material, Table S11,  Table 4 ). In contrast, the 96 males of our discovery cohort did not show any significant association between DNA methylation of these HIF3A CpG sites and BMI (q > 0.05, Table 4 ). However, DNA methylation of two other sites within the HIF3A gene was significantly associated with BMI in our male discovery cohort (q < 0.05, Supplementary Material, Table S2, Table 4 ). These data support both gender-specific and general effects of BMI on the DNA methylation pattern in human adipose tissue.
As obesity, as well as age, is a known risk factor for T2D, we investigated how many of the CpG sites significantly associated with BMI in adipose tissue from non-diabetic subjects in the present study that also show differential DNA methylation in adipose tissue from subjects with T2D compared with nondiabetic controls in our recently published case-control study (5) . We found that BMI was significantly associated with DNA methylation of 988 and 3425 CpG sites in the male discovery and female validation cohort, respectively, that also displayed differential DNA methylation between subjects with T2D and controls (Supplementary Material, Tables S13 and S14). The majority (60% in the male discovery cohort and 99% in the female validation cohort) of CpG sites that exhibit BMI associated changes in DNA methylation in non-diabetic subjects changed in the same direction in subjects with T2D compared with controls (Supplementary Material, Tables S13 and S14). These include CpG sites annotated to genes previously linked to T2D, obesity and/or energy metabolism such as PC, FOXO1 and HSF1 in both cohorts and IGF2, VEGFA, IRS1, IL1RN, IGF1R, ELOVL6 and KCNQ1 in the female validation cohort.
Adipose tissue mRNA expression and BMI
We further studied the association between BMI and gene expression in adipose tissue from the male discovery cohort. Also BMI was associated with transcriptional changes in adipose tissue, with significant associations to 3575 probe sets, of which 3104 are annotated to 2936 unique genes (Supplementary Material, Table S15 ). The most significant correlations between BMI and mRNA expression were observed for ITIH5, CCL18 and GABRB2 ( positive correlations, q = 1.2 × 10 −7 , Fig. 3C-E) , and SNORD115-1 (negative correlation, q = 1.2 × 10 −7 , Supplementary Material, Table S15 ). Furthermore, 2825 of the 2936 genes with significant associations between BMI and mRNA expression (q < 0.05) had one or more CpG sites within the cis distance 500 kb upstream Table S16 ). These include ITIH5, CCL18, GABRB2, FTO, MTCH2, IRS1 and SPP1 (OPN) (Fig. 3C-E) .
Adipose tissue DNA methylation and HbA1c
Glycated hemoglobin (HbA1c) is a long-term measure of average blood glucose levels and elevated HbA1c levels are associated with an increased risk of T2D, cardiovascular disease and cancer (11, 14, 16 Table S3 ). Among these CpG sites, 99 (14%) showed positive and 612 (86%) showed negative correlations between adipose tissue DNA methylation and HbA1c (Fig. 1A) . The most significant correlation between HbA1c and adipose tissue DNA methylation was seen for a CpG site upstream (TSS1500) of ANKRD11 (negative correlation; Fig. 4A and Supplementary Material, Table S3 ), located in a CpG island shore. Moreover, CpG sites with DNA methylation significantly associated with HbA1c were over-represented within the TSS1500 and under-represented within the gene body regions, whereas no significant difference was observed for the distribution in regions in relation to CpG islands (Supplementary Material, Table S5 , Fig. 1C and D) . In our female validation cohort, consisting of 94 non-diabetic females with a span in HbA1c between 25 and 39 mmol/mol (representing 4.4-5.7%), we identified seven CpG sites with DNA methylation significantly associated with HbA1c (q < 0.05), two with a positive and five with a negative coefficient (Supplementary Material, Table S17 ). The strongest correlation was observed for a CpG site upstream TNFSF11 (q = 0.04, Fig. 4B ). None of these seven sites were significantly associated with HbA1c in the male discovery cohort.
Elevated HbA1c levels within the non-diabetic interval predict future risk of T2D (16) . We therefore tested if CpG sites significantly associated with HbA1c levels in the present study were also found to be differentially methylated in adipose tissue from subjects with T2D compared with controls in our previous casecontrol study (5) . Indeed, we found 30 among the 711 CpG sites significantly associated with HbA1c in the male discovery cohort also to have differential DNA methylation levels in subjects with T2D compared with controls. The majority (28 sites; 93%) of the CpG sites that exhibit differential DNA methylation due to increased HbA1c in non-diabetic subjects changed in the same direction in subjects with T2D compared with non-diabetic controls (Supplementary Material, Table S18 ). These include CpG sites annotated to genes previously linked to T1D or T2D such as RAB37, TICAM1 and HLA-DPB1 (53-55) (Fig. 4C-E) .
Adipose tissue mRNA expression and HbA1c
We found significant associations between mRNA expression of two transcripts, annotated to LOC100288814 and CLLU1, respectively, and HbA1c levels in adipose tissue from the discovery cohort, both with positive correlations (Fig. 1B) . However, neither LOC100288814 nor CLLU1 had CpG sites with DNA methylation significantly associated with HbA1c levels.
Overlap between associations of DNA methylation and age, BMI and HbA1c
It has been suggested that certain regions or positions in the genome are more prone to epigenetic variation (56) . Based on this, we investigated the overlap of CpG sites with DNA methylation significantly associated in the same direction with more than one of the phenotypes examined in the male discovery cohort. Most overlap was found between age and BMI, namely 1334 CpG sites in the same direction (Supplementary Material, Table S19 ). The overlap between age and HbA1c included 2 CpG sites, and between BMI and HbA1c, we found 12 overlapping CpG sites in the same direction. The overlap between associations of DNA methylation and the different phenotypes is hence modest, but likely a result of the statistical model where all three phenotypes are included and thereby adjusted for. However, the overlaps we do detect thereby represent independent effects of the different phenotypes on the DNA methylome.
Pathway analysis
To gain further biological relevance of the significant associations between DNA methylation and the studied phenotypes, we performed KEGG pathway analyses with WebGestalt (http:// www.webgestalt.org). We included genes with one or more CpG site(s) annotated to the gene significantly associated with respective studied phenotypic trait (q < 0.05). For associations between DNA methylation and age, 31 KEGG pathways involved in, for example, cancer, signal transduction, cardiovascular disease and T2D were significantly enriched in the male discovery cohort (Supplementary Material, Table S20 and Fig. 2L ). Among these 31 pathways, only one was also enriched in the female validation cohort (Neuroactive ligand-receptor interaction pathway). For associations between DNA methylation and BMI, 47 KEGG pathways involved in, for example, cancer, signal transduction, cardiovascular disease, T2D and inflammation were significantly enriched in the male discovery cohort (Supplementary Material, Table S21 and Fig. 3F ). Among these 47 pathways, 41 (87%) were also enriched in the female validation cohort (Supplementary Material, Table S21 ). For associations between DNA methylation and HbA1c, no KEGG pathways were significantly enriched.
For transcripts with positive associations between mRNA expression and age, three KEGG pathways involved in cardiovascular disease were significantly enriched (Supplementary Material, Table S22 ). Pathway analysis of transcripts with mRNA expression negatively associated with age revealed three significant pathways, of which two are involved in chemokine signaling and cytokine-cytokine receptor interaction (Supplementary Material, Table S22 ).
For positive associations between mRNA expression and BMI, 29 KEGG pathways involved in, for example, the immune system and glycan biosynthesis were significantly enriched (Supplementary Material, Table S23 ). Pathway analysis of transcripts with mRNA expression negatively associated with BMI revealed six significant pathways involved in, for example, fatty acid metabolism, glucose metabolism, amino acid metabolism and translation (Supplementary Material, Table S23 ).
Due to uneven genomic distribution of CpG sites and CpG islands and the design of the Illumina 450k array, conclusions based only on pathway analysis could be severely biased (57) . However, the pathway results in our study in many cases mirror the results obtained from the analysis of individual genes; hence, we use this additional method in support of our findings and to share lights on metabolic pathways and biological function.
Correlations between DNA methylation of CpG sites significantly associated with age, BMI or HbA1c and mRNA expression in human adipose tissue DNA methylation is known to regulate gene expression and depending on the genomic location of a CpG site, methylation may be either negatively or positively associated with transcriptional activity (31) . To study the direct correlations between DNA methylation and mRNA expression, we performed Spearman's correlations between DNA methylation of individual CpG sites significantly associated with age, BMI or HbA1c (Supplementary Material, Tables S1-S3) and expression of nearby mRNA probe sets in adipose tissue from 94 individuals in the male discovery cohort with genome-wide data available for both DNA methylation and mRNA expression. In this analysis, we included mRNA probe sets within a cis distance from the significant CpG sites, i.e. CpG sites within a distance 500 kb upstream and 100 kb downstream of mRNA probe sets. Based on these inclusion criteria, 794 515 CpG-mRNA combinations, including 61 932 unique CpG sites and 28 041 mRNA probe sets, were included in the correlation analysis. After correction for multiple testing, 199 450 of these CpG-mRNA combinations showed a significant correlation (q < 0.05) between DNA methylation and mRNA expression.
We further separated the significant correlations between DNA methylation and mRNA expression based on what phenotype the included CpG sites were associated with. For CpG sites associated with age, we found 33 000 positive and 43 825 negative CpG-mRNA correlations including 17 710 unique CpG sites and 17 056 unique mRNA probes. Thus, 56% of all CpG sites significantly associated with age also show a correlation with one or more mRNA expression probe sets (Supplementary Material, Table S24 ). For example, the CpG site most significantly associated with age, cg21572722 in ELOVL2 and several other CpG sites in ELOVL2 showed significant correlations to mRNA expression (Supplementary Material, Table S24 ). Some of these correlations are presented in Figure 5A . Additionally, among the 33 058 CpG sites significantly associated with BMI, 23 361 unique sites (71%) were also significantly associated with expression of one or more mRNA probe sets, giving rise to 62 134 positive and 66 679 negative CpG-mRNA correlation combinations (Supplementary Material, Table S25 ). Included are, for example, cg18599081 in CCRL2 (Fig. 5B ) and cg01552731 (four CpG-mRNA combinations) and cg07684068 (nine CpG-mRNA combinations) in HIF3A. For HbA1c, we found 891 positive and 1095 negative correlations between DNA methylation and mRNA expression, including 397 unique CpG sites (Supplementary Material, Table S26 ), i.e. 56% of all the CpG sites significantly associated with HbA1c.
Enzymes regulating DNA methylation DNA methylation in mammalian cells is carried out by DNA methyltransferases (DNMTs) (1), making this family of enzymes inevitable for a functional epigenome. We therefore investigated if age, BMI or HbA1c were associated with altered DNA methylation and/or mRNA expression of the genes encoding these enzymes in human adipose tissue. The Infinium HumanMethylation450 BeadChip array analyzes DNA methylation of 134 CpG sites annotated to DNMT1, DNMT3A, DNMT3B or DNMT3L. In the male discovery cohort, we found DNA methylation of 11 CpG sites annotated to these genes significantly associated with age (all with a positive coefficient) and another 10 sites associated with BMI (6 negatively and 4 positively associated; q < 0.05), (Supplementary Material, Tables S1 and S2). We also found that age has a negative impact on DNMT3A mRNA levels in the male discovery cohort (q = 0.04, Supplementary Material, Table S9 ). In the female validation cohort, we found DNA methylation of 21 CpG sites annotated to genes encoding DNMTs significantly associated with BMI (6 negatively and 15 positively associated; q < 0.05; Supplementary Material, Table S11 ).
We finally investigated the TET enzymes, which have a role in DNA demethylation by creating hydroxymethylation (58) . Of the 63 CpG sites analyzed in TET1, TET2 and TET3 in the male discovery cohort, we found four sites with DNA methylation positively associated with age as well as six sites positively and one negatively associated with BMI (q < 0.05; Supplementary Material, Tables S1 and S2). Furthermore, TET3 mRNA expression showed a positive association with BMI (q = 0.02, Supplementary Material, Table S15 ). In the female validation cohort, we found four CpG sites annotated to genes encoding TET enzymes with DNA methylation positively associated with BMI (q < 0.05; Supplementary Material, Table S11 ). Figure 5 . Correlations between DNA methylation of CpG sites significantly associated with age or BMI and mRNA expression in human adipose tissue. DNA methylation at cg21572722, cg16867657 and cg24724428 in ELOVL2 correlated significantly with mRNA expression of ELOVL2 ( probe set 8123920) in adipose tissue from the male discovery cohort (A). DNA methylation at cg18599081 in CCRL2 correlated significantly with mRNA expression of CCRL2 ( probe set 8079407) in adipose tissue from the male discovery cohort (B).
Discussion
In this study, we have shown that three known risk factors for common diseases, i.e. age, BMI and HbA1c play important roles in determining the pattern of DNA methylation and mRNA expression in human adipose tissue. These changes take place in genes known to contribute to development of age-and obesityrelated diseases such as T2D, cardiovascular disease and cancer. We also demonstrate for the first time that age-associated epigenetic variation in blood can mirror epigenetic signatures in adipose tissue and potentially be used as epigenetic biomarkers for metabolic diseases.
Identification of subjects with a high risk of developing metabolic disease is a criterion for disease prevention. Genetic and environmental factors have been shown to predict T2D and obesity (13) . However, their capacity to predict disease is still suboptimal and there is a need for new biomarkers with a high capacity of predicting metabolic disease. These may potentially include epigenetic biomarkers. Importantly, the epigenome is dynamic and changes due to environmental exposures (3, 19, 24, 25, (59) (60) (61) (62) but once epigenetic modifications are introduced they may be stable and inherited through cell divisions (63, 64) , making epigenetics a potentially important pathogenic mechanism in complex diseases. However, it is important to be aware of the tissue-specific nature of the epigenome. Although the nucleotide sequence is identical in most human cells, the epigenetic pattern is highly cell specific as it contributes to the diverse phenotype and the expression pattern seen in different cell types (6, 51, 65) . In most large well-phenotyped cohorts, blood is often the only source of biological material available, and so far little is known about the correlation between DNA methylation in target tissues such as adipose tissue and more accessible cell types such as blood cells. Additionally, blood-based biomarkers have an important clinical relevance since they are easy to analyze in patients and high-risk populations. In this study, many epigenetic biomarkers of aging in blood, i.e. ELOVL2, FHL2, KLF14 and GLRA1, also showed significant correlations between adipose tissue DNA methylation and age. Notably, our data demonstrate that epigenetic biomarkers in blood can mirror age-related epigenetic signatures in biologically relevant target tissues such as adipose tissue.
Many of the genes associated with age in our study have functions related to the aging process and/or are previously reported biomarkers of aging in blood. For example, DNA methylation of ELOVL2, encoding fatty acid elongase 2, has previously been shown to increase with age in blood cells (41) and in our study the most significant association between age and DNA methylation was found upstream of ELOVL2. Importantly, we found significant correlations between methylation in several CpG sites annotated to ELOVL2 and age in adipose tissue from three different cohorts as well as in whole blood cells, supporting the use of blood-based epigenetic biomarkers to mirror some epigenetic signatures in target tissues. Also, KFL14 belongs to the genes showing increased DNA methylation in both human adipose tissue and blood cells with increased age. KFL14 encodes Kruppellike factor 14 which has been suggested to be a master regulator of gene transcription in human adipose tissue (66) and GWAS have identified SNPs near/in KFL14 associated with T2D and HDL cholesterol levels (47, 67) . Additionally, DNA methylation of a CpG site in the gene body of SPATA18 correlated positively with age in both adipose tissue from our two cohorts and white blood cells in a previous study by Johansson et al. (27) . SPATA18 (MIEAP) encodes a p53-inducible protein that controls mitochondrial quality by repairing or eliminating unhealthy mitochondria (36) . Maintenance of healthy mitochondria prevents aging, cancer and a variety of degenerative diseases that are due to the result of defective mitochondrial quality control. For NOX4, both DNA methylation and mRNA expression were associated with age. Nox4 (NAPDH oxidase 4) has previously been shown to regulate mitochondrial function in an aging-induced senescence model of cultured endothelial cells (68) . Interestingly, cellular aging seems to promote Nox4 interaction with mitochondria. This disrupts complex I in the electron transport chain and increases mitochondrial reactive oxygen species (ROS). This could be a contributing factor in the loss of replicative lifespan seen in senescence. A CpG site in the first exon of PATZ1 correlated with age in adipose tissue of both our cohorts. The POZ/BTB and AT-hook-containing zinc finger protein 1 (PATZ1) seems to have an important role in the regulation of endothelial cell senescence through an ROS-mediated p53-dependent pathway and contribute to vascular diseases associated with aging (35) .
It should be noted that our male discovery cohort includes adipose tissue from 96 non-diabetic males with a wide range in all studied phenotypes (age, BMI and HbA1c), whereas our female validation cohort includes 94 non-diabetic females with a smaller age span, but a wide range in BMI and HbA1c. This is a likely explanation for why we identify a smaller number of CpG sites significantly associated with age in the female validation cohort compared with the male discovery cohort. Nevertheless, the majority of CpG sites associated with age in the female validation cohort were also significant in the male discovery cohort, suggesting a general effect of aging on DNA methylation in both genders. Additionally, our male discovery cohort consists of combined data from four different subcohorts (5, 9, 10, 69) . Here, we included males without known disease and with DNA available from subcutaneous adipose tissue. It is known that artifacts such as batch effects may reduce the statistical accuracy in genomic data. To adjust for this potential problem, the association between DNA methylation data or mRNA expression data and studied phenotypes was analyzed using a random effect mixed model, including cohort as the random effect variable and age, BMI and HbA1c as fixed factors. We can still not exclude that our data include some false-positive results due to batch effects rather than biological variation. Nevertheless, the fact that we are able to validate many of our results in adipose tissue from a validation cohort as well as in blood from previously published studies strengthens our data. Of note, 9897 methylation sites were significantly associated with age in the same direction both in adipose tissue in our male discovery cohort and in blood in the study by Johansson et al. (27) .
We also found a strong effect of increased BMI on the degree of DNA methylation in human adipose tissue, indeed proposing that obesity can mediate some of its effects via altering the epigenome. Importantly, DNA methylation of ∼5000 CpG sites was associated with BMI in adipose tissue from both our male discovery cohort and female validation cohort. Interestingly, a large number of these CpG sites did also show differential DNA methylation in adipose tissue from subjects with T2D compared with non-diabetic controls (5), suggesting that BMI associated changes in DNA methylation may predispose to T2D. We could also link BMI associated DNA methylation to differential expression of 2825 genes. The strongest correlation between mRNA expression and BMI was seen for ITIH5. This gene encodes inter-alpha-trypsin inhibitor heavy chain family member 5 and it is highly expressed in subcutaneous adipose tissue, increased in obesity, down-regulated after weight loss and associated with measures of body size and metabolism (70) . Also, eight CpG sites annotated to ITIH5 correlated with BMI, suggesting a key epigenetic mechanism for regulation of this gene. Other genes showing both altered DNA methylation and expression in human adipose tissue based on increased BMI include FTO, CCL18, MTCH2, IRS1 and SPP1 (OPN). Interestingly, we recently found that CCL18, encoding CC chemokine ligand 18, and SPP1, encoding osteopontin, were the most up-regulated genes in adipose tissue from subjects with T2D compared with non-diabetic controls and both have previously been linked to inflammation (71, 72) . Additionally, genetic variation in FTO has previously been linked to both obesity and T2D, although recent data suggest that IRX3 rather than FTO is mediating the effects of this SNP (73, 74) . We also identified methylation sites only associated with BMI in the male discovery cohort or the female validation cohort. These differences may be due to gender-specific effects on DNA methylation. Indeed, gender differences in the DNA methylation pattern have previously been reported in human pancreatic islets, the liver, heart muscle, blood and saliva (75) (76) (77) (78) (79) (80) (81) .
Moreover, a recent investigation related BMI to DNA methylation in whole blood cells from 479 individuals and identified three CpG sites annotated to HIF3A with increased DNA methylation associated with increased BMI. The association between BMI and methylation of HIF3A was further validated in adipose tissue from 635 females (21) . Interestingly, we found that DNA methylation of the same three CpG sites was positively associated with BMI in our female validation cohort, consisting of 94 females, but not in our male discovery cohort, consisting of 96 males. Nevertheless, DNA methylation in two other sites in HIF3A was significantly associated with BMI in the 96 males. The protein encoded by HIF3A, hypoxia inducible factor 3 alpha subunit, has been shown to play a role in the cellular response to glucose and insulin and to function as an accelerator of adipocyte differentiation (82, 83) . However, the possible gender-specific relation between HIF3A methylation and BMI is novel and has to be validated further.
We also studied the association between HbA1c and DNA methylation in human adipose tissue from non-diabetic subjects. However, the effect of glucose on both DNA methylation and gene expression in human adipose tissue seems less strong than those of BMI and age. Whether this is also the case in other tissues with a key role in whole body glucose homeostasis, i.e. the liver, skeletal muscle and pancreatic islets, remains to be tested. This result may be due to a smaller span in HbA1c compared with age and BMI, since only subjects without known diabetes were included in this study. Importantly, the strong effects of age and BMI on DNA methylation presented in this study can introduce a bias in studies of the DNA methylation pattern in disease, when cases are not carefully matched for age and BMI or when the statistical analyses are not adjusted for these phenotypes, a factor that needs to be considered in the design of future epigenetic studies.
It should also be noted that the impact of age, BMI and HbA1c on the degree of DNA methylation in human adipose tissue in the present study is quite large compared with some previous studies in human adipose tissue where the greatest absolute differences in methylation were ∼20% (5, 19) . Here, we observed larger absolute differences in methylation, e.g. ∼40% absolute difference in the methylation of ELOVL2 between young and elderly subjects and ∼25% absolute difference in the methylation of CCRL2 between lean and obese subjects.
Interestingly, mRNA expression correlated significantly with the degree of DNA methylation for a large proportion of the CpG sites identified in this study. Since all included CpG sites already were shown to be associated with the phenotypes investigated, these results truly supports an interaction between adipose tissue DNA methylation and mRNA expression in establishing metabolic phenotypes.
In addition to adipocytes, adipose tissue comprises a mixture of different cell types, and changes in cell type composition could potentially be responsible for some of the observed changes in DNA methylation. However, as exemplified by the overlap between adipose tissue and blood, some DNA methylation patterns may also be tissue and cell type unspecific. Additionally, when we investigated mRNA expression for cell type-specific markers, no significant associations were found between BMI or HbA1c and PNPLA2, FAS, LIPE and RETN as markers of adipocytes, DLK1 as a marker of preadipocytes, PRDM16 and UCP1 as markers of brown adipocytes, EMR1 as a marker of macrophages, TNF and IL6 representing cytokines and finally CASP3, CASP7 and LGALS3 as markers for inflammation. We further compared our findings of altered DNA methylation in adipose tissue with cell typespecific methylation sites of candidate genes in inflammatory complex diseases observed in white blood cells (84) . Among 8252 analyzed CpG sites in 343 genes, they found 1865 CpG sites differentially methylated between the different cell types in blood. Among our 33 058 CpG sites significantly associated with BMI in adipose tissue, we found 173 CpG sites overlapping with the 1865 cell type-specific methylation sites observed in white blood cells by Reinius et al. For HbA1c, only 9 cell type-specific methylation sites were found among our 711 CpG sites associated with HbA1c in adipose tissue. Taken together, these results suggest that there is no major impact of cellular composition or inflammatory response on the observed associations in adipose tissue DNA methylation and BMI or HbA1c. Anyway, although future studies should aim to investigate the DNA methylome in adipocytes isolated from both subcutaneous and intraabdominal fat tissue, it should be noted that cell isolation processes may alter both gene expression and DNA methylation.
In conclusion, we demonstrate for the first time an impact of age, BMI and HbA1c on the genome-wide DNA methylation pattern in human adipose tissue. Our data support an important function of altered DNA methylation in the development of several non-communicable diseases such as T2D, obesity, cardiovascular disease and cancer. Finally, we demonstrate that epigenetic variation in blood cells can mirror age-related epigenetic signatures in target tissues of important biological function, i.e. adipose tissue. This opens up for the future development and use of blood-based epigenetic biomarkers to predict disease and altered metabolic function.
Materials and Methods
Study participants
The male discovery cohort consists of 96 males from Sweden and Denmark without known disease and with a broad range in age (23-80 years), BMI (17.5-39.0 kg/m 2 ) and HbA1c levels (28-46 mmol/mol). It should be noted that the range in HbA1c is represented by variation in non-diabetic subjects. This cohort includes males without known disease from four subcohorts, all previously described (5,9,10,69), with DNA available from subcutaneous adipose tissue biopsies taken in the fasted state (19, 60, 85) . Their clinical characteristics are presented in Table 1 , and the characteristics of the subjects included in the present study from the four subcohorts are presented separately in Supplementary Material, Table 1 . In all study cohorts, height and weight were measured wearing light clothing and no shoes, and BMI was calculated as weight divided by the square of the height (kg/m 2 ). Written informed consent was obtained from all participants and the research protocol was approved by the local human research ethics committees.
DNA methylation analysis
DNA was extracted from subcutaneous adipose tissue biopsies and blood using Qiagen DNA extraction kits (Qiagen, Hilden, Germany). DNA methylation was analyzed genome-wide using the Infinium HumanMethylation450 BeadChip assay (Illumina, San Diego, CA, USA), covering a total of 485 577 probes corresponding to 21 231 (99%) RefSeq genes [88, 89] . Five hundred nanograms of genomic DNA from adipose tissue was bisulfiteconverted using the EZ DNA methylation kit (Zymo Research, Orange, CA, USA) and used with the Infinium ® assay, with all other procedures following the standard Infinium HD Assay Methylation Protocol Guide (Part # 15 019 519, Illumina). The Illumina iScan system was used for imaging data on the BeadChips. GenomeStudio ® Methylation module software was used to calculate the raw methylation score for each probe, represented as methylation β-values [β = intensity of the Methylated allele (M)/intensity of the Unmethylated allele (U) + intensity of the Methylated allele (M) + 100]. All samples passed the GenomeStudio quality control steps based on built in control probes for staining, hybridization, extension and specificity, and the bisulfite conversion efficiency was high (intensity signal >4000) (90) . The DNA methylation data were exported from GenomeStudio and subsequently analyzed using Bioconductor (91) . β-Values were converted to M-values [M = log 2 (β/(1 − β))] using the lumi package (92) , to make data more homoscedastic and appropriate for further bioinformatical and statistical analyses (93) . Next, the probes on the array targeting SNPs (rs; n = 65) and non-CpG sites (ch; n = 2757) were removed. Additionally, 5448 probes with SNPs in the target CpG (MAF > 0.1 based on dbSNP) (94) and 14 316 probes reported to be cross-reactive with 50 bp (95) were removed. Finally, 6191 probes were filtered away based on Illumina detection P-value (mean P ≥ 0.01), resulting in a total of 456 800 individual CpG sites from adipose tissue of 96 men for subsequent analyses.
After the same quality control and filtering of probes, 460 973 individual CpG sites generated successful DNA methylation data in adipose tissue of 94 women. Of note, probes targeting the Y-chromosome were also filtered away in these women. The DNA methylation data were background corrected by subtracting the median M-value of the 600 built in negative controls and was further normalized using quantile normalization. BMIQ was used to correct for the bias of the two different probe types on the array (96) . As 12 samples are analyzed on each Infinium HumanMethylation450 BeadChip, the generated DNA methylation data needed to be batch-corrected. Correction for batch effects within the methylation array data of each cohort was performed using COMBAT (97) . DNA methylation of specific CpG sites was analyzed in bisulfite-treated genomic DNA from adipose tissue and blood cells using pyrosequencing together with the PyroMark PCR kit, PyroMark Gold Q96 reagents and the PyroMark ID 96 (Qiagen) according to the manufacturer's instructions. Primers were designed using the PyroMark Assay design Software 2.0 and data were analyzed with the PyroMark Q96 2.5.7 software program. The following primer sequences were used for pyosequencing of ELOVL2: F-primer 5′-GAGGGGAGTAGGGTAAGTGAG-3′, R-primer 5′Bio-tin-CATTTCCCCCTAATATATACTTCAA-3′, sequencing primer 5′-GGGAGGAGATTTGTAGGTTT-3′, KLF14: F-primer 5′-GGTTTTT AGGTTAAGTTATGTTTAATAGT-3′, R-primer 5′Biotin-AAACTA CTACAACCCAAAAATTCC-3′, sequencing primer 5′-ATAGTTTTA GAAATTATTTTGTTT-3′, CCRL2: F-primer 5′-AGTTTTAGTTT GGGGTTAAATTTGT-3′, R-primer 5′Biotin-ACAACCAAAAATAA TTAATACTATAACTCA-3′, sequencing primer 5′-ATATTTTTTTTT ATTTAATTTGATG-3′.
mRNA expression analysis
RNA was extracted from subcutaneous adipose tissue biopsies using miRNeasy kit followed by RNeasy MinElute Cleanup kit (Qiagen; subcohort 1, 2 and 3) or using the RNeasy Lipid Tissue Mini Kit (Qiagen; subcohort 4). The BioAnalyzer (Agilent, Santa Clara, CA, USA) was used to measure RNA quality, requiring a RNA integrity number >7 for each sample to be included. Total RNA (200 ng) from subcutaneous adipose tissue biopsies was used for analysis using the GeneChip Human Gene 1.0 ST whole transcript based array (Affymetrix, Santa Clara, CA, USA), following the Affymetrix standard protocol. The Expression Console Software was used for basic Affymetrix chip and experimental quality, and for background correction, data normalization and probe summarization the robust multi-array average method was used (98) . Also here, we applied COMBAT to correct for batch effects within each cohort (97) .
Statistical analysis
The association between DNA methylation data from the Infinium HumanMethylation450 BeadChip and studied phenotypes was in the male discovery cohort analyzed using a random effect mixed model, including cohort as the random effect variable and age, BMI and HbA1c as fixed factors. Also the association between mRNA expression and age, BMI and HbA1c was analyzed using the same model. In the female validation cohort, the association between DNA methylation data and studied phenotypes was analyzed using the R package 'limma' and linear model including age, BMI, HbA1c and polycystic ovary syndrome status as variables. To account for multiple testing, we applied false discovery rate (FDR) analysis and q < 0.05 (FDR < 5%) was considered significant (99) . For the overlap between mRNA expression and DNA methylation as well as for pathway analyses, a CpG site was annotated to a gene if it was located between a distance of 500 kb upstream and 100 kb downstream of the gene. Associations between age or BMI and DNA methylation in the mixed validation cohort was analyzed using random effect mixed linear models in R i386 3.1.0 (http://www.r-project.org) and sex, age, BMI and HbA1c were included as fixed factors in all models, whereas family number/pedigree was included as a random factor. Also, associations between DNA methylation levels in adipose tissue and blood in the mixed validation cohort were analyzed with random effect mixed linear models adjusted for sex (fixed factor) and family number/pedigree (random factor).
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Supplementary Material is available at HMG online.
